A key event in skeletal muscle activation is the rapid release of Ca 2؉ from the sarcoplasmic reticulum (SR), the Ca 2؉ storage organelle in the muscle cell. The surface membrane͞transverse tubules and the SR form functional units (calcium release units containing one or two couplons or junctions), where the voltage-sensing dihydropyridine receptor of the surface membrane interacts with the SR Ca 2؉ release channel [ryanodine receptor (RyR)] and depolarization of the cell membrane is converted into Ca 2؉ release from the SR. Although RyR1 is the most important isoform in skeletal muscle, some muscles also express high levels of RyR3, an isoform with a wide tissue distribution. The cytoplasmic domains of RyRs are visible in the electron microscope as periodically disposed feet. We find that, in muscles containing only RyR1, feet are exclusively located over the junctional SR surface facing the surface membrane͞transverse tubule. In muscles containing RyR1 as well as RyR3, additional feet are located in lateral parajunctional regions immediately adjacent to junctional SR. Biochemical content of RyR3 and content of parajunctional feet are highly correlated in different muscles and the disposition of parajunctional versus junctional feet are notably different. On the basis of these two observations, we postulate that RyR3s are restricted to the parajunctional region, and thus their activation must be indirect and derivative during excitation-contraction coupling.
C
ontraction of muscle myofibrils is activated by Ca 2ϩ released from the sarcoplasmic reticulum (SR), a specialized Ca 2ϩ sequestering organelle. The trigger for Ca 2ϩ release is depolarization of the cell membrane, which is detected by the voltage sensing dihydropyridine receptor (DHPR), a Ca 2ϩ channel located in the surface membrane͞transverse (T) tubules. In skeletal muscle, the DHPR forms a unique functional and spatial unit with another Ca 2ϩ channel: the ryanodine receptor (RyR) or Ca 2ϩ release channel of the SR. Voltage-dependent conformational changes of the DHPR are ''mechanically'' transmitted to the RyR, which responds with Ca 2ϩ release (1) (2) (3) . The whole process, starting with depolarization and resulting in contraction, is called excitation-contraction (e-c) coupling.
Direct interaction between the two Ca 2ϩ channels occurs at sites of close apposition or junction between exterior membrane and SR, called calcium release units (CRUs). These junctional complexes are found in the cell interior as SR-T tubule junctions (triads and dyads) in adult skeletal muscle fibers. In CRUs, RyRs are arranged in ordered parallel rows in the junctional SR membrane facing the attached T tubule. RyRs' cytoplasmic domains (''feet'') are located in the junctional gap between the SR and T tubule membranes and are clearly visible in the electron microscope (4) . The four corners of the tetrafoil-shaped cytoplasmic domain of RyR are each linked to a single DHPR in the apposed T tubule membrane, so that four DHPRs arrange in a characteristic square shape called a tetrad. However, only every other RyR in a row faces a DHPR tetrad in a variety of muscles (refs. 4 and 5; for review, see ref. 6 ).
There are three known isoforms of the RyR. RyR1 and RyR2 play essential roles in skeletal and cardiac muscle, respectively. The function of RyR3, even though it is very widely distributed in a variety of tissues, is less well understood. Skeletal muscle expresses RyR1 and greatly variable amounts of RyR3 (see refs.
7 and 8 for reviews). These variations are specific for different phyla but can also represent a unique feature of particular species and͞or muscles (9) . Both isoforms may be present within the same muscle cell and are located in the triads (10) (11) (12) (13) .
It is clear that RyR1 is the key isoform in terms of skeletal muscle activation as many skeletal muscles, including some very fast ones, express only RyR1, proving that RyR1 alone can sustain effective e-c coupling (9, (13) (14) (15) (16) . Only RyR1 is capable of forging the link with ␣1sDHPR necessary for skeletal muscle type e-c coupling and for the organization of four DHPRs into a tetrad (17) . RyR3, on the other hand, does not sustain e-c coupling. Muscles developing in the absence of RyR1 as a result of a lethal genetic mutation show strong developmental defects and lack of e-c coupling, despite the presence of RyR3 (18, 19) . Even when expressed at high levels, RyR3 alone does not induce restoration of e-c coupling (20) and tetrad formation by DHPRs (17) . RyR3 seems to play a minor role in e-c coupling of mouse skeletal muscle, because changes resulting from an engineered RyR 1 null mutation are subtle (16, 21) . This effect, however, may be because of the low content of RyR3 in mouse muscle rather than lack of RyR3 function.
We have compared the arrays of feet in triads containing either only RyR1 or different ratios of RyR1 and RyR3. We find that muscles expressing RyR3 have additional feet (parajunctional feet) located in the SR membrane immediately adjacent to, but not within, the junctional region. We suggest that RyR3s are segregated from junctional RyR1 and are either exclusively or mostly located in a parajunctional position. Interestingly, the geometry of the RyR3 array is quite different from that of RyR1.
Materials and Methods
Semitendinosus and sartorius from Rana pipiens and Rana temporaria (referred to all as frog leg muscles); diaphragm and extensor digitorum longus (EDL) from mouse; swim bladder from toadfish (Opsanus tau) and white swim muscle from toadfish and guppy were fixed at room temperature in 3.5-6% glutaraldehyde͞0.1 M cacodylate buffer (pH 7.4) and stored at 4°C. The tissue was postfixed in 2% OsO 4 ͞cacodylate buffer, en bloc stained with saturated aqueous uranyl acetate at room temperature and embedded in Epon. Sections were stained with uranyl acetate and a solution of lead salts.
For freeze-fracture, the glutaraldehyde fixed tissues were cryoprotected in 30% (vol͞vol) glycerol, frozen in liquid propane, fractured, and shadowed in a Balzer's 400 freeze-fracture. Freeze-fractures and sections were examined in a Philips 410 electron microscope.
For counting of feet, images of profiles showing sharp membrane views were collected for each muscle. For measurements of intertetrad distances, T tubule views showing long segments (4 tetrads or more) were selected. Micrographs of toadfish swim bladder and guppy swim muscles were part of a previous collection (4, 5) . Measurements were performed on digitized images by using NIH IMAGE software.
Results
Junctional and Parajunctional Feet. Fig. 1A shows a triad in the toadfish swim-bladder muscle, which contains only RyR1 (9) . Two electron dense feet, or RyRs (black arrowheads), occupy the junctional gap on either side of the T tubule. The two feet are part of two long rows running parallel to the T tubule axis, which is perpendicular to the section plane. Parajunctional areas in this muscle show no feet. Fig. 1 B and C show triads from toadfish white swim muscle and frog sartorius. These muscles and͞or their homologues in related species have an Ϸ50% content of RyR3 (9, 22, 23) . In addition to the two sets of junctional feet (black arrowheads), these triads show large elongated densities over the parajunctional SR on either side of the junction (white arrowheads). In some views, the elongated densities resolve themselves into two separate structures (feet, arrowheads, Fig. 1B) . A small gap separates the junctional feet from the parajunctional densities.
Mammalian skeletal muscles have a fairly low and variable content of RyR3 (10, 13, 24) . The content is higher in younger muscles, especially in the diaphragm (10, 16, 25) . Parajunctional densities are present in muscles from young mice ( Fig. 1D ; white arrowhead), but they are less frequent and smaller than in frog leg and fish swim muscles.
Figs. 1E shows a section parallel to the T tubule axis and grazing the junctional gap in the swim muscle from a small fish, the guppy. Swim muscles in fish have two types of RyRs (9) . Along the center of the image are two clearly visible rows of junctional feet (black arrows), identified by their quadrefoil structure and the highly ordered, tetragonal arrangement, resembling a ''ladder'' in which each ''step'' is confined by two feet (RyRs). Below the two junctional rows is an additional parallel row of quadrefoils or feet (white arrow). This row is close to, but separate from, the two junctional rows, and its position corresponds to the parajunctional densities shown in Fig. 1 
B-D.
Junctional and parajunctional feet have same spacings within one row, but the entire row of the latter are displaced by a half period. Only one row of parajunctional feet is visible in Fig. 1E , but the cross-sectional images ( Fig. 1 B and C) imply that a double row should be present. The second row is not visible in this view, because either the SR membrane becomes perpendicular to the plane of the section at larger distances from the junction or it is not included in the section thickness.
Note the discontinuity between the rows of junctional and parajunctional feet: a clear jagged band separates them. The outlines of feet are closely apposed, almost touching each other within the same row, but there is apparently no contact between the feet in junctional and parajunctional regions ( Fig. 1 B and C) . The parajunctional location of the additional rows of pits in the RyR3-containing frog leg and fish swim muscles is confirmed by fractures in planes parallel to the long axis of the muscle fiber ( Fig. 3 A and C-E) . The fracture plane in Fig. 3 A and C-E follows the myofibril-facing SR and T tubule surfaces, as indicated in Fig. 3B . The luminal leaflet of the parajunctional SR membrane shows two rows of pits running parallel to the long axis of the T tubules (white arrows, Fig. 3 C-E). As observed above, these parajunctional pits are disposed in a zigzag pattern (see white arrowheads, Fig. 3 C-E) quite different from the tetragonal arrangement of junctional pits.
The presence and frequency of parajunctional rows of bumps͞ pits seen by freeze-fracture corresponds well with the presence, frequency, and size of the parajunctional densities seen in thin sections. Toadfish swim-bladder muscle (RyR1 only) shows neither parajunctional densities in thin sections nor rows of parajunctional bumps͞pits; frog leg and fish swim muscles (RyR3͞RyR1Ϸ1:1) frequently show large parajunctional densities and double rows of pits; mouse muscle (RyR1Ͼ ϾRyR3) shows less frequent and small parajunctional densities, corresponding to rare single rows of pits. Even where they are most abundant, the parajunctional rows do not always run continuously along the whole length of each SR cisterna but may be absent from some portions of it.
RyR Spacings. The distance between pits along the longitudinal axis of the junction is the same for junctional and parajunctional feet and in different species. Combined values for frog leg and toadfish swim muscle are 28 Ϯ 4 nm (mean Ϯ 1 SD, n ϭ 298), in agreement with published data (5). However, the distances between the rows differ in junctional and parajunctional regions. The center to center distances between the rows were measured in triad profiles from thin sections of muscles with a high RyR3͞RyR1 ratio (e.g., see Fig. 1 A-D) . Data from frog leg and toadfish swim muscles are consistent with each other and were combined. The junctional rows are 36 Ϯ 3 nm (n ϭ 36) apart from each other; the distance between the junctional and nearest parajunctional row is 28 Ϯ 7 nm (n ϭ 64) and the distance between the two parajunctional rows is 19 Ϯ 4 nm (n ϭ 39). The accuracy of these measurements is limited by some uncertainty on the exact location of feet centers and also by membrane curvature.
Because the centers of parajunctional feet are the least well precisely located in thin section but are clearly visible in freezefracture, we used this technique to confirm the interparajunctional row distance. The interparajunctional row distance measured in freezed-fracture of the same muscles used for thinsection analysis is 17 Ϯ 3 nm (n ϭ 40). This measurement is affected by the variable viewing angle of the membrane. Even if corrected by the effect of a 45°viewing angle (that is by a factor of 1.4), this distance is shorter than the spacing between junctional rows. Overall, measurements from thin sections and freeze-fracture confirm each other, indicating that the inter-row distances are different in the junctional and parajunctional regions emphasizing different disposition of feet.
Relative Content of Junctional and Parajunctional Feet in Muscles with
Different RyR3͞RyR1 Ratios. The ratio of parajunctional versus junctional feet content was obtained from morphometric analysis of thin sections from two muscles with a high content of RyR3 (frog leg and toadfish swim muscles) and two muscles with a lower RyR3͞RyR1 ratio (mouse diaphragm and EDL). In each triad͞dyad profile, the number of parajunctional and junctional rows was counted for each couplon (that is for one side of the T tubule; ref. 26) . In frog and toadfish, where freeze-fracture shows that each parajunctional profile contains two feet, the profile was counted as two. In mouse, the profile was given the value of either one or (less frequently) two feet, depending on the length of the density, which showed considerable differences in this species. The junctional feet are practically always two in each profile. We calculated the ratio of parajunctional to junc- tional feet for each sectioned couplon profile and the averaged results are given in Table 1 . The ratios vary from 1.6 and 1.1 for fish and frog muscles to 0.4 and 0.2 for diaphragm and EDL muscles from young mice and are presented in Table 1 .
In the mouse EDL, the RyR3 content varies greatly between individual fibers, whereas in the diaphragm, the content is more uniform (10) . For these muscles, we therefore also separately determined the RyR3͞RyR1 ratios for individual fibers. The frequency distribution of the parajunctional to junctional feet ratio in single fibers differs between the two muscles (Fig. 4A) . Fibers from the diaphragm at day 7 show a more homogenous distribution and an overall higher content of parajunctional feet than fibers from EDL at day 10, consistent with (10).
DHPR-Tetrads Spacings. Because RyR1 but not RyR3 is capable of inducing DHPR disposition into tetrads (17) , it is interesting to see whether the presence of RyR3 in a given muscle affects the spacing between tetrads. We compared the position of DHPR tetrads in the swim-bladder and the white swim muscle of toadfish that have a RyR3͞RyR1 ratio of 0 and Ϸ1, respectively. Freeze-fractures of both muscles (Fig. 5 A and C) show two rows of tetrads in the cytoplasmic leaflet of the junctional T tubule membrane. Labeling the center of each tetrad with a dot (Fig. 5  B and D) helps in visualizing their position, particularly when the tetrads are incomplete, i.e., they lack one or more of the four particles. With very few exceptions (see arrow in Fig. 5D ), all particles in the fractured T tubule membrane cluster around dots that define two evenly spaced rows and are displaced by a half -period relative to each other. Starting with the tetrad at one end of each row, the distances to all other tetrads along the same row were measured in a number of micrographs, as indicated by the dark bars in Fig. 5 B and D. To avoid errors caused by variations in the magnification and͞or tilt of the image, the measurements for each photograph were standardized against the average distance between tetrads in the same image. The results are plotted in Fig. 5 E and F. The histograms for the two muscles are identical. Both show regularly spaced peaks at distances that are multiples of the average intertetrad spacing. The absolute value of this distance is 55-60 nm for the both muscles, twice the distance between junctional feet given above, in agreement with previously published results for the toadfish swim bladder (4, 5) . Thus tetrads are regularly associated with alternate feet regardless of the presence or absence of RyR3.
A Model of Junctional and Parajunctional Feet Disposition.
On the basis of the above observations, the arrangement of junctional and parajunctional feet and of DHPR tetrads in a triad containing a high level of RyR3 is reconstructed in Fig. 6 . Two rows of junctional feet (blue profiles) occupy the long axis of the junction. The feet interact with each other close to their corners, and their position is slightly skewed relative to the long axis of the junction (27) . Tetrads in the T tubules are associated with alternate junctional feet. Two rows of parajunctional feet (green profiles) are located in proximity of the junction but do not face the T tubules. Two other such rows are present on the hidden side of the triad. The parajunctional feet interact with each other quite differently from the junctional feet to fit into the observed lattices in the two locations. The parajunctional feet lattice has the same longitudinal spacing, but a shorter distance between the rows than the junctional lattice. The parajunctional feet are more closely fitted together, leaving less empty space than the junctional feet, which explains why the two rows of junctional feet are seen as clearly separate in the thin-section views of Fig. 1 A-D , whereas the two rows of parajunctional feet are not distinctly separated.
The four rows of parajunctional feet (two on either side) are discontinuous and͞or shorter than the rows of junction feet for each triad. This detail fits the observation that in many images of triads, such as those shown in Fig. 1 B and C , parajunctional densities are not present at all four possible locations. If the parajunctional rows of feet were of the same length as the junctional rows, the parajunctional to junctional feet ratio would be 2:1, whereas the measured ratios are smaller.
The sketch applies to muscles with a high RyR3͞RyR1 ratio. Triads in other skeletal muscles, e.g., from the mouse, have a single quite incomplete row of parajunctional feet on either side.
Discussion
Our data show that the presence and frequency of parajunctional SR feet in the triads of a variety of muscles correlate strictly to the presence and relative abundance of RyR3 in the same muscles, indicating that RyR3 are located somewhere within the six rows of junctional and parajunctional feet. It is conceivable that both types of feet might be mixed in both locations, because they might simply not fit into the limited junctional space. However, several lines of morphological evidence lead us to believe that RyR3 are instead segregated away from RyR1, so that RyR1 occupy the junctional domains of the SR and RyR3 are restricted to the parajunctional regions. All of the darker profiles in Fig. 6 would then represent RyR1 and the lighter profiles RyR3. A minor intrusion of RyR3 in to the junctional region, and the presence if some RyR1 in the parajunctional region can of course not be totally excluded.
The reasoning behind the conclusion that the two isoforms are segregated from each other and that parajunctional feet are not an equal mixture of RyR1 and RyR3 is as follows. If RyR3 were randomly and equally mixed with RyR1 in both junctional and parajunctional regions, the disposition of feet in the two areas would be the same. Instead, we find an abrupt transition between the tetragonal ladder-like arrangement of feet in the junctional region and the zigzag pattern of feet in the parajunctional areas. In Fig. 6 , we illustrate a possible disposition of feet that would give rise to the two observed lattices and to the transition between them. To produce the two arrangements, the junctional and parajunctional feet interact quite differently with each other within each area, and a distinct break separates the two sets. This separate and distinct arrangement of junctional and parajunctional feet, probably because of different isoform composition, is in direct contrast to the structure of calcium release units in scorpions and spiders, which presumably have a single RyR isoform, as do other invertebrates (28, 29) . The junctional and parajunctional feet in this case form part of a single continuous and congruent array (30, 31) , showing that self-assembly properties of RyRs, and not their position in the junction, dictate the array lattice parameters.
A second, indirect piece of evidence for the separate position of RyR3 is related to the disposition of DHPR tetrads. In the RyR1-only muscle of the toadfish swim bladder, as well as in the swim muscle from the same species, which contains approximately 50% of RyR3, tetrads are located in exact superimposition of alternate feet. If RyR3 were randomly mixed with RyR1 in the junctional region of swim muscle, some flaws in this regular arrangement would occur, because RyR3 do not support tetrad formation (17) . The observed regularly alternate disposition of tetrads would require a perfectly alternate checker- . Light-colored parajunctional feet are located in the adjacent SR membrane, which faces toward the myofibrils. They are separated by a small zigzag strip from the junctional feet and are arranged in a zigzag pattern. Note that the spacing between the two rows of parajunctional feet is smaller than the spacing between the two junctional rows, explaining why the junctional feet in Fig. 1 A-D are more frequently seen as discrete profiles than the parajunctional feet.
board arrangement of RyR1 and RyR3 in the junctional region. If enough RyR3 participate in that disposition, both isoforms would also have to be largely present in the parajunctional regions, to maintain the observed RyR3͞RyR1 ratio. However, we have already noted above that a homogenous composition of the six rows of feet is not consistent with their different structure. The above argument, of course, cannot exclude some intrusion of RyR3 in alternate position between feet of the junctional region. However, this intrusion would have to be limited, thus leaving most of RyR3 in the parajunctional region.
The fairly precise quantitative correspondence of RyR3͞ RyR1 ratio reported in the literature and our data, coupled with the arguments above showing that the two isoforms cannot be equally mixed in the junctional and parajunctional regions, also argues for a more or less complete separation of the two.
Given our hypothesis of a junctional location of RyR1 and a parajunctional location of RyR3, an obvious question is what mechanism segregates the two isoforms. One possibility is that the two are simply not sufficiently compatible to allow mixing in a common arrangement. The disposition of RyR1 in the junctional gap requires precise intimate contacts between the molecules (32) . The small amount of extra mass of RyR1 relative to RyR3 (33) might very well impede the intimate contacts between the two molecules that is necessary for the formation of a regular lattice with mixed content. Such an exclusion would explain the apparent discrepancy between a possible segregation of RyR3 from the in vivo junctions and the junctional location of RyR3 expressed in dyspedic cells (17) . In the dyspedic cells RyR1 was totally absent and lack of the suggested RyR1 ''repelling'' effect would enable RyR3 to enter the junctional sites.
Regardless of whether RyR3 and RyR1 are totally segregated, as we have suggested, or partly mixed in the junction, the activation of RyR3 is necessarily indirect, because RyR3 is not capable of being activated by skeletal DHPR (20) . Thus, it is expected that RyR3 activation is a secondary event in e-c coupling, and that it follows the primary activation of RyR1 by DHPR (34) , resulting in its amplification. Parajunctional feet do not seem to be in a close contact with junctional feet, which would exclude functional pairing between parajunctional RyR3 and junctional RyR1, of the type suggested for RyR1 by Marx et al. (35) . The most likely possibility is that RyR3 are activated by the wave of Ca 2ϩ resulting from opening of RyR1 (7, 34, 36, 37) . Indeed a ''dual control'' of Ca release and an effect of RyR3 presence on the size of calcium sparks have been demonstrated (38, 39) . It should be noted that in RyR1-only muscles, half of the RyR1 may also be activated indirectly (9, 32) .
What then is the function of RyR3, or which beneficial effects could have resulted from the elimination of this isoform from certain muscles during evolution (9)? In fish (9, 14) , there is a correlation between absence of RyR3 and rapidity of the contraction-relaxation cycle, consistent with the requirement for a rapid tightly controlled release of Ca 2ϩ in fast muscles. However, it turns out that RyR3 content is not always well correlated to fiber type (13) , and extraocular muscles of fish and bird totally lack RyR3 but have a varied fiber type composition (9) . This work was supported by National Institutes of Health Grant PO 144650.
